© Versita Sp. z o.o. Growth processes of nanocomposite layers obtained by polyelectrolytes, poly(sodium 4-styrenesulfonate) (PSS) and poly(diallyldimethylammonium chloride) (PDADMAC), self-assembled on silicon surface using layer-by-layer (LbL) technique were investigated, and theoretical and experimental data are herein reported. Complementary microstructural and compositional analyses techniques (scanning electron microscopy, ellipsometry, X-ray reflectivity, zeta (ζ) potential measurements and attenuated total reflection infrared spectroscopy) were used for deep characterization of the multilayer structure formation. Electrophoretic zeta (ζ) potential measurements indicated that the surface charge was either positive or negative, depending on the polyelectrolyte used (PDADMAC or PSS). ATR-IR spectra confirmed the successfully silanization process and then, the building up of the nanocomposite layer. Morphological investigation and X-ray reflectivity demonstrated the growth process and cross-section size of the bilayers. Ellipsometric measurements were in very good agreement with SEM and XRR, showing once again the successful deposition of polyelectrolyte multilayers.
Introduction
Supramolecular structures obtained through alternate electrostatic interactions of anionic/cationic polyelectrolytes are commonly known as layer-by-layer nanostructured assemblies [1] . This simple technique of assembling/patterning has been reported to be used in electrochemical sensors film approach [2, 3] and immobilization of bioactive components for biosensor development [4] . However there are still several drawbacks regarding the electronic transport of biomolecules and charge transfer mechanisms in nanostructured multilayers, where roughness, thickness, and porosity of the film(s) play an important role in attaining the desired features. According to the electron transfer theory [5] illustrating the dependence of the electron tunneling rate constant on the distance between the donor and acceptor, the assembling of different electrochemically inactive layers on electrodes should lead to a progressive decrease of the analytical response of the redox species. On the other hand, the presence of electroactive centers on the structure of a film is electrochemically favorable for electron hopping/conduction between neighboring sites, and as consequence, the utilization of LbL electroactive nanostructures arise as a valuable tool for biocatalysis enhancement [6] . To achieve a fast transport of electrons, since the polyelectrolyte layers are interpenetrating, it is necessary to insulate alternating layers containing electroactive sites, i.e., metallic nanoparticles [7] , carbon nanotubes [8] or graphene [9] in the assembled polyelectrolytes nanostructures.
Molecular
orientation and organization at the nanoscale level is an essential key aspect in understanding adsorption mechanisms, multilayer formation and their interface properties. Different factors influence the adsorption mechanisms, and since polyelectrolytes are polymers dissociated in aqueous solution or in any other solvent which ionizes, leaving charges on polymeric backbones and releasing counterions in solution [10] , the nature of the solvent environment is also important. When a polymer chain is adsorbed, only a small number of segments may be in contact with the substrate surface, the remaining segments being not linked with the substrate. In the case of low ionic strength solutions, polyelectrolytes have the tendency to gain a linear shape, but with increased ionic strength the shape is coiled. Experimental studies reported over the last 10 years analyzed the structural and physical properties of polyelectrolyte multilayers confirmed that: (i) layer thickness and molecular organization of adsorbed polymers can be tuned by varying salt concentration [11] , solvent type or pH of the solutions [12] ; (ii) the resultant structure is not stratified into well-defined layers / multilayers, the polyelectrolyte molecules being interdiffused, the interpenetration increasing with weakness of polyelectrolytes towards a 1:1 ratio of stoichiometric complexes of anionic and cationic pairs [13] .
Poly(diallyldimethylammonium chloride) (PDADMAC) and poly(sodium 4-styrenesulfonate) (PSS) are one of the most commonly used polyelectrolytes, together with poly(ethyleneimine) (PEI), poly(allylamine)hydrochloride (PAH), poly(vinylsulfate) (PVS) and poly(acrylic acid) (PAA). There is no restriction as to the type of substrate that may be used, which includes hydrophilic and hydrophobic glass, mica, quartz, silicon, gold, indium tin oxide, plastics, etc.
Despite recent progress in the application of polyelectrolyte multilayers, there is still the need for further studies, as the formation process and the resulting structure are far from completely understood. Taking into account all these facets, it is the aim of this work to clarify several aspects related to the growth characteristics of polyelectrolytes assembled on a silicon substrate, envisaging further understanding of their electronic conduction or their optical properties. For this purpose, a comparative study has been realized using several characterization techniques such as: scanning electron microscopy (SEM), ellipsometry, X-ray reflectivity (XRR), electrophoretic light scattering and attenuated total reflection infrared spectroscopy (ATR-IR). 
Experimental

Chemistry behind preparation
Double side polished silicon wafers -n + type Si, having (111) crystallographic orientation -were purchased from Si-Mat Germany and sliced in 3.5×1.5 cm 2 in order to fit the electrophoretic cell for light scattering experiments. Before use, the Si pieces were cleaned in Piranha solution (H 2 SO 4 (98%):H 2 O 2 (30 %) = 3:1 v/v) and in acetone, for 10 minutes at 60°C, in order to eliminate the inorganic and organic residues, and finally rinsed with ethanol. Si (111) has the highest density of Si atoms on the surface, and the corresponding available dangling bonds, among the other possible crystallographic orientations, thus facilitating the adsorption/functionalization process through the multitude of available atoms at the surface. Piranha solution induced hydroxyl groups on the substrate, and thus the silicon became readily available to be further modified with APTES, and finally obtaining an amino functionalized silicon surface. The process is depicted in Fig. 1 .
The charged substrate was thereafter alternatively immersed into polyelectrolyte solutions, washed with deionized water after each step and allowed to dry. According to the process flow, the following experimental steps were achieved:
-cleaned silicon samples were immersed during 8 hours, in 10% v/v solution of 3-aminopropyltriethoxysilane (APTES) prepared in ethanol; thereafter the samples were washed with plenty of ethanol, sonicated for 1 minute and allowed to dry under a gentle stream of nitrogen gas;
-alternating immersion (10 minutes each, room temperature) of APTES functionalized substrate were performed in polyelectrolyte solutions, starting from PSS (20 mM in 0.5 M NaCl, pH=8.0) followed by its counterpart PDADMAC (20 mM in 0.5 M NaCl, pH=4.5) [14] .
In order to better understand the growth mechanism, we investigated the film formation after each pair of selfassembled polyelectrolytes.
Characterization methods
Zeta potential measurements (ζ)
Since the driving force for the LbL assembly is the charge reversal occurring after each new polycation/polyanion addition, monitoring the changes of the surface potential will give valuable information about the assembly process [15] . For zeta potential (ζ) measurements we used Delsa TM Nano C equipment (from Beckman Coulter, USA) able to investigate the surface potential using the electrophoretic light scattering technique. The ζ is calculated using the Smoluchovski equation (Eq. 1) [16, 17] :
Where e v is the electrophoretic mobility, ζ -zeta potential, ε -the dielectric constant of the solvent, H − potential gradient and η − the viscosity of the media.
All measurements on Delsa TM Nano C were performed at 23°C, using the flat surface cell unit for zeta potential measurements, at an angle of 15°. The flat surface cell has a quartz glass cell, which hosted the silicon modified samples. After that, the cell was filled with reference particles of polystyrene latex and a DC difference potential of 60 V was applied across the platinum electrodes, the obtained results being presented in Fig. 2. 
Attenuated total reflection infrared spectroscopy (ATR-IR)
Attenuated total reflection infrared absorption spectra of functionalized silicon surfaces were recorded between 4000 and 520 cm -1 on Tensor 27 (Bruker Optics, USA). Silicon substrate functionalization (Fig. 3a) was ascertained by deconvolution analysis of ATR-IR acquired spectrum, using the "fit multiple peak Gaussian function" of Origin 8 software, for regions between 900-1700 cm -1 (Fig. 3b) and 2600-3400 cm -1 (Fig. 3c ) in order to underline individual peak contributions (Table 1 ) [18] .
PSS PDADMAC
Once the derivatization of the silicon substrate with (3-aminopropyl)triethoxysilane was achieved, the next step was to assemble the first polyelectrolyte layer, i.e., the negatively charged poly(sodium 4-styrenesulfonate). Then, alternating immersions in PDADMAC and PSS solutions allowed us to build up to 9 deposited bilayers on the silicon substrate. The corresponding ATR-IR spectra are illustrated in Fig. 4. 
Microstructural characterization
The cross-section analysis of the nanocomposite structures has been achieved by a field emission gun scanning electron microscopy (FEG-SEM). Using a Nova NanoSEM 630 workstation, with a resolution of 1.8 nm @ 3 kV, we were able to measure the thickness of the assembled polyelectrolyte layers.
Small angle X-ray reflectivity is a nondestructive and noncontact technique for the determination of the thickness, density and roughness of the thin layers and even of multilayer films with a high precision [19] .
In our experiments we used a parallel beam set-up multilayer Göbel mirror, without a monochromator and the beam divergence was 0.05° [20] . The high X-ray beam intensity offered a dynamic intensity range of 10 9 cps at the detector (reflection from Si (004) wafer) making possible the investigation of the multilayered nanocomposite membrane raised on silanized silicon surface.
Ellipsometric measurements were employed to determine the thickness of the self-assembled multilayer films, using a variable angle rotating-analyzer automatic SENTECH ellipsometer (SE 800 XUV-Germany) in a wavelength range of 250-850 nm and operational software SPECTRAY II.
Results and discussions
ζ potential measurements
The ζ for Piranha treated silicon was measured as −16.13 mV, and the corresponding value for the silanized silicon was +25.28 mV. This is evidence of negatively charged -OH groups on the surface of cleaned Si, while the presence of amine groups induced a positive value for ζ. Consequently, for each polycation and polyanion deposited layers, the zeta potential was investigated and as it can be seen in Fig. 2 , ζ alternates from positive to negative values, indicating the regular formation of the nanostructured layers. The absolute zeta potential values for PDADMAC are smaller than ζ values for PSS, this suggesting that PDADMAC molecules are immobilized in elongated form, whilst for PSS this difference is attributed to the ionic linkage formation with quaternary ammonium of the cationic PDADMAC [21] . After the layer number 8, which corresponds to bilayer number 4, the ζ potential is greater than +30 mV, suggesting that the nanocomposite structure is stable [22] .
ATR-IR measurements
The three vibrational modes around 1587, 1487, and 1335 cm -1 in Fig. 3 arise from surface amino groups and C-N presence in APTES structure. The symmetric deformation mode of the CH 3 group from ethoxy fractions of APTES is observed around 1384 cm -1 [23, 24] , as well as CH 2 stretching between 2869-2927 cm -1 . The peaks located in the range 1143-1199 cm −1 are attributed to Si-O moieties of either polymerized or physisorbed APTES. Siloxane groups (Si-O-Si) are revealed by the stretching modes from 930-1109 cm −1 given by: (i) the silicon substrate, (ii) condensed APTES with the silicon surface, and (iii) polymerized APTES [25] . There are also several stretching vibrational modes between 3280-3365 cm −1 mainly originating from -NH 2 groups in the APTES film.
When compared with the APTES derivatized silicon spectrum, the polyelectrolyte assembly produced the following changes, as shown in Fig. 4 : the bands from 2927-2869 cm -1 have been transformed in two more intense bands which are moving to 2923 and 2859 cm -1 respectively, and then to 3033 cm -1 , in the case of 7 and 9 deposited bilayers (bL); these were assigned to C−H asymmetric and symmetric stretch of methyl group arising from cationic polyelectrolyte attaching. A very broad band at 2859-3600 cm -1 (related to NH 4 + , -1 , assigned to C−H out-of-plane bending from the benzene ring, could be identified; the vibrational mode of C-N from PDADMAC appears as an overlapped band in this spectral region. The bands from 954 and 675 cm -1 , assigned to symmetrical O−H bond deformation, are more intense as the number of bilayers increases [27] . The presence of PSS polyelectrolyte in the multilayer structure is demonstrated by the bands at 1184 and 1036 cm -1 , assigned to S=O symmetrical stretching vibration from the sulfonate group [28] . Table 2 summarizes the ATR-IR spectra fitting results, showing the most important peaks and the corresponding vibrational bands, relevant for polyelectrolyte identification.
Furthermore, the growth of polyelectrolyte complex by increasing the number of deposited bilayers could be evidenced by analyzing the evolution of the specific vibrational bands; two representative bands have been closely monitored and results are presented as an insert in Fig. 4 : NR 4 + Cl -vibrational band (1644 cm -1 ) and S=O vibrational band (1184 cm -1 ). The relative intensity of the band ascribed to S=O, situated at 1184 cm -1 , became almost 11 times bigger for 9 deposited bilayers, meanwhile the band ascribed to the amine group, based on NR 4 + Cl -type linkages present in PDADMAC situated at 1644 cm -1 , became only 6 times bigger for the same nine deposited bilayers. The band at 1123 cm -1 , characteristic of the aromatic C-H in plane bend [29] (which confirms the PSS-PDADMAC polyelectrolyte complex formation) is another band that becomes more intense as more bilayers are formed. A peak around 3500 cm -1 , which first appears at the 7 th bilayer, may arise from either the N-H antisymmetric stretching modes of the amine groups of PDADMAC or the O-H stretching modes of the inherently existing water molecules [30] .
Microstructural characterization
Micrographs illustrating the sample cross-sections after the deposition of 3, 5 and 7 bilayers (PSS/PDADMAC) are depicted in revealed that the measured thicknesses were 31.2 nm, 46.9 nm and 89.9-117.0 nm for 3, 5 and 7 bilayers, respectively, suggesting that approximately 10 nm corresponds to each bilayer. Fig. 6 summarizes the X-ray reflectivity spectra of PSS/PDADMAC bilayers deposited on a silanized modified silicon surface. The X-ray reflectograms exhibit well-defined Kiessig fringes, resulting from the interference of the beams reflected by the interfaces of the film [31] . The observed interference patterns were analyzed and the total thickness of the multilayers was calculated by Parrat's model [32] , as a function of the number of layers [33] . In the case of five bilayers of PSS/PDADMAC, the fringe period is reduced due to the small period of oscillation than in the case of three (or four) bilayers. This was observed for a deposited bilayer thickness increasing up to 45.8 nm. The XRR calculated density for these five bilayers is 2.06 g cm -3 , which confirms the hypothesis of thickness increasing by increasing the number of deposited bilayers.
The refractive index, necessary for thickness determination [34] in the case of ellipsometric measurements, was calculated to be 1.58-1.60 using multiple-angle-of-incidence analysis. The thickness of multilayers was then determined at a 70° angle of the incident beam.
The ellipsometric experimental data were corroborated with the XRR measurements and crosssection SEM micrographs, and presented in Fig. 7: it can be observed that the increase of PDADMAC/PSS film thickness with the number of bilayers is smaller for the first three polyelectrolytes bilayers than for the subsequent ones (8.3-10.4 nm/bilayer vs. 11.5-12.7 nm/ bilayer). Concerning the SEM measurements, we can assume that the measured values are affected by the electron beam diameter, which in our case is smaller than 3 nm. Therefore, a difference between measurements was observed : in the case of three bilayers the difference in thickness was about 2.5% for XRR and 20.0% for ellipsometric measurements in comparison with cross-section SEM analyses; for five bilayers it was 2.1% and 8.3%, respectively, and for 7 bilayers it was 16.35% and 22.15% respectively. This observed difference may be ascribed to the nitrogen flow used to dry the modified silicon support between the LbL assembly procedures. Also, another explanation can be given by the accuracy of XRR and ellipsometry characterization techniques, as the values obtained are close. In the case of SEM analyses, there is not a linear dependence, which may be due to the local reduction of cross section area under electron beam impact and the irregularities observed more precisely in the case of 7 bilayers. For XRR and ellipsometric measurements, the values obtained are more appropriate, and more precise, given by the specificity of these methods. Even though the thicknesses obtained from ellipsometric measurements are smaller than in the case of SEM and XRR, there is a good correlation between them. 
Conclusions
In this work several instrumental techniques were used to characterize growth processes of nanocomposite layers obtained by polyelectrolyte self-assembly on a silicon surface using a layer-by-layer approach. The complementarity of the used techniques revealed that the silicon substrate was successfully silanized and thereafter modified with polysodium (4-styrenesulfonate) and poly(diallyldimethylammonium chloride), with up to nine bilayers of polyelectrolytebeing assembled. Electrophoretic zeta (ζ) potential measurements indicated that the surface charge was either positive or negative, depending on the used polyelectrolyte, meanwhile the ATR-IR spectra confirmed the building up of the nanocomposite layer. Scanning electron microscopy was used to morphologically investigate the surface of the polyelectrolyte layers and together with X-ray reflectivity confirmed the growth process and cross-section size of the bilayers.
Ellipsometric measurements were in very good agreement with SEM and XRR, confirming the successful deposition of polyelectrolyte multilayers. Coupling of ellipsometry, X-ray reflectometry, and SEM measurements can provide valuable information concerning the thickness and structure of polyelectrolyte multilayer films.
